Apoptosis is an evolutionarily conserved form of physiologic cell death important for tissue development and homeostasis. The causes and execution mechanisms of apoptosis are not completely understood. Nitric oxide (NO) 
cytotoxic events leading to formation of reactive oxygen species (ROS) and necrosis or apoptosis. These events include overactivation of protein kinase C, Ca2+/ calmodulin-dependent protein kinase II, phospholipases, proteases, protein phosphatases, xanthine oxidase, endonucleases, and nitric oxide synthase (NOS) .
Although the exact role of Ca2+ in cell killing is unclear, a disturbance of mitochondrial Ca2+ handling can be fatal [for reviews see Nicotera et al. (5) and Richter (6) ]. The normal Ca2+ uptake and release (cycling) across the inner mitochondrial membrane requires little energy (7) .
However, when the Ca2+ release pathway is stimulated by prooxidants, cycling may become excessive and lead to loss of the mitochondrial membrane potential (DY), general leakiness of the inner mitochondrial membrane, inhibition of adenosine triphosphate (ATP) synthesis, mitochondrial damage, and cell death (8) . Several Buttke and Sandstrom (9) ]. A valuable tool used to elucidate the importance of oxidative stress is the protooncogene bcl-2, which stimulates an antioxidative response in cells and prevents apoptosis (10, 11) .
The requirement of Ca2+ for apoptosis is also controversial (12) . Early reports suggested that a rise of the intracellular Ca2+ leads to apoptosis via endonuclease activation, and more recent work indicated that apoptosis is accompanied by shifts of Ca2+ between various intracellular pools. It is worth noting that cellular Ca2+ handling and ROS production are related. Thus, increased mitochondrial Ca2+ release followed by reuptake driven by DY (Ca2+ cycling) stimulates ROS production (13) .
Mitochondria in Apoptosis
Although the causes and execution mechanisms of apoptosis are not clearly understood, oxidative stress, NO (NO indicates nitric oxide independent of its redox state, whereas NO, NO+, and NO refer to the nitrogen monoxide radical, nitrosonium ion, and nitroxyl anion, respectively) and its congeners, Ca2 , proteases, nucleases, and mitochondria are important mediators of apoptosis. Recendy, the role of mitochondria, particularly in apoptosis, was scrutinized (14, 15) . At present, their importance and exact role are elusive, but it is dear that mitochondria are both the target and the source of oxidative stress, NO, and Ca2 . During apoptosis DY, which is the driving force for mitochondrial ATP synthesis, declines, and maintenance of DY prevents apoptosis. Because apoptosis is highly regulated and involves the activity of hydrolytic enzymes, chromatin condensation and vesicle formation apoptosis is likely to have a high energy demand. Indeed, it was recently proposed that apoptosis induced by intracellular Ca2+ overload in neurons requires active mitochondria (16) . We have proposed (15) that the cellular ATP level is an important determinant for cell death.
Another line of evidence also puts mitochondria on the center stage of apoptosis; when they are destabilized, for example, by Ca2+ cycling, they release proteins, some of which induce apoptosis. One is cytochrome c, which acts with cytosolic factors to induce nuclear apoptosis (17) . The other is a 50-kDa protease that by itself suffices to cause nuclear apoptosis (18) . The present knowledge suggests that mitochondria function as a cellular sensors of stress into which very different apoptosis induction pathways converge and that mitochondria act as central apoptotic executioner (19) .
Presently, a popular concept in apoptosis is the so-called mitochondrial permeability transition, a phenomenon related to the opening of a putative pore in the inner mitochondrial membrane. In the author's opinion, the mitochondrial permeability transition represents the initial phase of unspecific damage to mitochondria that can, for example, be induced by mitochondrial Ca2+ cycling (20 (22)], and the ability of 'NO to combine with superoxide anion radicals (02--) to yield peroxynitrite (ONOO-) (23) .
ONOO-is an efficient oxidant of thiols (24) . Its in vivo formation was recently shown in a variety of cells (25) . ONOOproduction is associated with the activation and expression of inducible NOS and implicated in the pathophysiology of diseases such as acute endotoxemia, inflammatory bowel disease, neurologic disorders, and atherosclerosis. Inhibition by superoxide dismutase, the 02--scavenger, of 'NO-mediated cytotoxicity suggests that ONOO-contributes to the NO-mediated biologic effects (26) .
NO-is formed from 'NO by reduced superoxide dismutase (27) . It is another NO congener that oxidizes thiols. NO-is, like ONOO-, neuroprotective at N-methyl-D-aspartate receptors because these compounds lead to disulfide formation at critical thiols of the redox modulator site of the receptor (28, 29) , which inhibits the Ca2+ entry into the cell.
NO in Mitochondria
Nitrogen Monoxide and the Regwlation of Cytochrome Oxidase. The most-cited and best-understood physiologic target of 'NO is guanyl cyclase. *NO binds to and stimulates it and thus controls cell functions via (cGMP), cGMP-gated channels, cGMPdependent protein kinases, and phosphodiesterases. However, 'NO also binds to cytochrome oxidase and reversibly inhibits respiration as seen with the isolated enzyme, submitochondrial particles, mitochondria, hepatocytes, brain nerve terminals, and astrocytes (30) (31) (32) (33) (34) (35) (36) . Cytochrome oxidase inhibition is competitive with oxygen because of binding of NO to the oxygen binding site of the reduced enzyme (37, 38) . Why the inhibition is transient is not clear at the moment, but several findings point to consumption of NO as the underlying reason (39) . Thus, cytochrome oxidase can reduce NO (40) , ' (43, 44) .
Another possibility would be a *NOcatalyzed auto-ADP-ribosylation of mitochondrial NAD+-binding proteins, as reported for several cytosolic enzymes (45, 46 (58) . ONOO-induces Ca2+ release from rat liver mitochondria. This release occurs a) with preservation of DY, b) when mitochondrial pyridine nucleotides are oxidized but not when they are reduced, c) parallel to NAD+ hydrolysis, d) in a CSA-inhibitable manner, e) without inhibition of respi-ration, and J) without entry of extramitochondrial solutes such as sucrose into mitochondria. These that a prooxidant-induced Ca2+ release from mitochondria, followed by Ca2+ cycling and ATP depletion, is a common cause of apoptosis. Accordingly, maintenance of DY stabilizes mitochondria and thereby prevents apoptosis. bcl-2 thus provides the link between the antioxidant defense system, Ca2 , and DY [reviewed by Bornkamm and Richter (62) ]. In this context it is interesting to recall that many carcinoma cells have an increased DY (63) . As prevention of apoptosis seems to contribute to carcinogenesis, it is conceivable that DY contributes to the decision between the life and death of a cell.
NO and ONO0 in Apoptosis
Early studies had indicated that NO can cause (64) (65) (66) (67) or inhibit (68) apoptosis. It had also been found that ONOOinduces apoptosis in a time-and concentration-dependent manner (26) (103) .
Whether the NO congeners cause apoptosis because of interference with mitochondrial respiration or Ca2+ handling is unclear, but it should be noted that the GSNO/DTT-induced killing of hepatocytes (33) appears to engage mitochondrial Ca2+ cycling. Other investigators have proposed that NO induces apoptosis via triggering the mitochondrial permeability transition (104) .
Conclusion
An exciting new aspect in biology is the discovery that NO congeners have an enormous impact on mitochondria. NOS is active inside mitochondria. Physiologic concentrations of NO at physiologic cellular oxygen pressure inhibit cytochrome oxidase and thereby respiration. A transient inhibition of cytochrome oxidase by NO appears to be used in some forms of cell signaling. ONOO-, the product of the reaction between superoxide anion radicals and NO, can stimulate the specific calcium release pathway from mitochondria by oxidizing some vicinal thiols in mitochondria. Mounting evidence indicates that mitochondrial calcium handling and its modulation by reactive nitrogen species is important for apoptotic cell death. It appears that NO and its congeners can induce apoptosis by destabilizing mitochondria via deenergization and/or by inducing a specific Ca2+ release followed by Ca2+ cycling.
